Amorphous alloys with a wide supercooled liquid region (⌬T x ) before crystallization were formed in the Fe 56 Co 7 Ni 7 Hf 8 M 2 B 20 ͑MϭNb, Ta͒ alloys by melt spinning. The ⌬T x which is a critical factor of glass-forming ability, increases to large values exceeding 90 from 82 K by the addition of 2 at. % M, and the largest ⌬T x value is larger by about 10 K than the largest value for recently reported ͑Fe,Co,Ni͒-Zr-M-B alloys. By the addition of the M metals, magnetic properties also changed. Good soft magnetic properties were obtained for the alloys annealed for 300 s at 800 K. The saturation magnetization (I s ) , coercive force (H c ) , and effective permeability ( e ) at 1 kHz are, respectively, 0.71 T, 1.0 A/m, and 16 700 for the MϭNb alloy and 0.76 T, 1.0 A/m, and 15 600 for the MϭTa alloy. The finding of the Fe-based amorphous alloys exhibiting simultaneously the wide supercooled liquid region before crystallization and the good soft magnetic properties seem to enable the future development of a new ferromagnetic bulk amorphous alloy.
INTRODUCTION
It is well known that Fe-based amorphous alloys exhibit good soft magnetic properties. 1 However, these alloys have usually been prepared in a thin sheet form with a thickness below about 50 m ͑Ref. 1͒ and in a wire form with a diameter below about 120 m. 2 The small maximum thickness resulting from the low glass-forming ability for conventional Fe-based amorphous alloys has prevented the further extension of application fields as magnetic materials. Recently, the Fe-Zr-B-based bulk amorphous alloys with thickness up to 5 mm have been formed in conventional casting processes. 3 These alloys consist of multicomponent systems and exhibit a glass transition, followed by a wide supercooled liquid region before crystallization. [4] [5] [6] [7] Furthermore, these have always satisfied the following three empirical rules 8, 9 for achievement of high glass-forming ability, i.e., ͑1͒ multicomponent alloy systems consisting of more than three elements, ͑2͒ significantly different atomic size ratios above about 12% among the main constituent elements, and ͑3͒ negative heats of mixing among their elements. Based on the three empirical rules, it has been found that a wide supercooled liquid region exceeding 80 K before crystallization is also obtained for amorphous alloys in the Fe-Co-Ni-Hf-B system. 10 This article aims to present the compositional dependence of Hf or B and the influence of partial replacement of Hf by the transition metal ͑M͒ on the glass transition temperature (T g ) , crystallization temperature (T x ) , supercooled liquid region (⌬T x ϭT x ϪT g ) , and magnetic properties for FeCo-Ni-Hf-M-B amorphous alloys.
EXPERIMENTAL PROCEDURE
Master ingots of Fe-Co-Ni-Hf-M-B ͑MϭNb,Ta͒ alloys were prepared by arc melting the mixture of pure Fe, Co, Ni, Zr and M metals and pure B crystal in an argon atmosphere. The alloy compositions represent the nominal atomic percentage of the mixtures. Rapidly solidified ribbons with a cross section of 0.02ϫ1.0 mm 2 were prepared by melt spinning. The crystallized structure was examined by x-ray diffractometry ͑XRD͒. Thermal stability associated with glass transition, supercooled liquid region, and crystallization was examined at a heating rate of 0.67 K/s by differential scanning calorimetry ͑DSC͒. Magnetization at room temperature was measured in a maximum applied field of 1260 kA/m with a vibrating sample magnetometer ͑VSM͒. Coercive force was measured with a I-H curve tracer. Permeability was evaluated at 1 kHz with an impedance analyzer. Saturated magnetostriction ( s ) was measured under a field of 240 kA/m by a three-terminal capacitance method.
RESULTS AND DISCUSSION
An amorphous phase without crystallinity was formed in the composition range of more than 0% Hf and 8% B in the rapidly solidified Fe 86ϪXϪY Co 7 Ni 7 Hf X B Y . Based on DSC curves, the T g , T x and ⌬T x for the Fe-Co-Ni-Hf-B amorphous alloys were plotted as a function of ͑a͒ Hf and ͑b͒ B contents in Fig. 1 . The glass transition is observed in the composition range above 4% Hf and 8% B, followed by a supercooled liquid region in the temperature range below T x . The T g and T x increase by the replacement of Hf and B and then only T g slightly decreases in the B concentration range above 20 at. %. The ⌬T x changes by the difference in the compositional dependence of T g and T x and reaches a maximum value of 82 K at the composition of Finally, the reason for the large ⌬T x for the Fe-based amorphous alloys is discussed in the framework of the three empirical rules for the achievement of high glass-forming ability. The base composition is the Fe-Hf-B ternary system which satisfies the three empirical rules. The addition of Nb or Ta is effective for the increase in the degree of satisfaction of the empirical rules. That is, the addition of these elements causes the more sequential change in the atomic size on the order of HfӷNb ͑Ta͒ϾFe, CoӷB as well as the generation of new atomic pairs with various negative heats of mixing. In the supercooled liquid in which the three empirical rules are satisfied at a high level, the topological and chemical shortrange orderings are enhanced, leading to the formation of a highly dense random packed structure with low atomic diffusivity. Therefore, the diffusivity of the constituent elements is suppressed and the liquid/solid interfacial energy is increased. Even in the supercooled liquid structure, longrange atomic rearrangements are required for precipitation of the crystalline phases. However, the atomic rearrangements are difficult in the specialized liquid with low diffusivity. The difficulty seems to be the reason for the appearance of the glass transition and supercooled liquid region before crystallization.
CONCLUSIONS
The glass transition and subsequent supercooled liquid region were observed in the temperature range before crystallization for all the Fe 56 Co 7 Ni 7 Hf 8 M 2 B 20 alloys. The ⌬T x increases by the addition of 2% M and reaches a maximum ⌬T x of 98 K for the 2% Nb or Ta alloys. The ⌬T x is the largest among Fe-based amorphous alloys reported here. Furthermore, these alloys annealed for 300 s at 800 K exhibit good soft magnetic properties, i.e., H c of 1.0 A/m and e of 15 000-17 000 at 1 kHz. The finding of the new amorphous alloys with the two characteristics is important for the future development of bulk amorphous alloys in the application of soft magnetic materials. 
